The ultrastructure of the uterus proper of the aspidogastrean Aspidogaster limacoides Diesing, 1835 and two digenean species, Phyllodistomum angulatum Linstow, 1907 (Plagiorchiida, Gorgoderidae) and Azygia lucii (Müller, 1776) (Strigeida, Azygiidae), was examined by transmission electron microscopy (TEM). The uterine epithelial lining of these species is thin, except for the perinuclear region of the epithelial cells. Septate junctions occur between adjacent epithelial cells within the uterine wall. The luminal surface of the cells is elevated into microlamellae, which project into the uterine lumen and cover the entire epithelial lining. Basally the uterine epithelium is attached to a basal matrix, and its supporting layers of muscle fibres are weak and composed of scattered circular muscles. Despite the marked similarity in the ultrastructural pattern of the aspidogastrean and two digeneans studied, there is some degree of variation in the secretory activity of their uterine epithelium. The high level of vesicular exocytotic activity in the epithelial cytoplasm of A. lucii may be associated with differences in egg emission and the subsequent life cycle involving a non-ciliated, non-swimming and non-free-living miracidium, as opposed to the free-swimming miracidium of P. angulatum. The similar nature of the uterine epithelium in all three species studied represents an ultrastructural marker possibly supporting a close phylogenetic relationship between the Aspidogastrea and the Digenea.
Introduction
The Aspidogastrea and Digenea are generally considered to represent subclasses of the class Trematoda (Skryabin 1952; Baer and Joyeux 1961; Gibson and Chinabut 1984; Gibson 1987 Gibson , 2002a Rohde et al. 1995; Rohde 2001 Rohde , 2002 . However, the generally accepted position of the Aspidogastrea within the class Trematoda has been questioned. A general review of various early ideas on the origins of this group, such as a derivation from the digenean redia stage, was given by Rohde (1972) . Even in recent years, there has been some controversy as to whether the Aspidogastrea belongs within the Monogenea, within the Trematoda or represents an intermediate group (Williams 1942, Roberts and Janovy 2005) , and Timofeeva (1975 Timofeeva ( , 2005 has suggested that the Aspidogastrea is a small, primitive group that should be raised to full class status. The aspidogastrean anatomy is similar to that of digeneans, whereas some aspects of its biology closer resemble that of the Monogenea (Roberts and Janovy 2005) . Molecular data suggest a placement of the Aspidogastrea as the sister group of the Digenea (Littlewood et al. 1999) .
Inside the uterine eggs of most aspidogastreans is a fully developed embryo, which by gradual transformation develops directly into an adult (Williams 1942 , Genther 1971 ; there is, therefore, no miracidium and no alternation of sexual and asexual generations such as that characteristic of the Digenea. At the ultrastructural level, Rohde et al. (1995) , on the basis of a similarity in the type of the flame cells in the Aspidogastrea and the Digenea, concluded that these groups form a single clade, the Trematoda. On the other hand, recent work on the spermatological characters of an aspidogastrean, Aspidogaster limacoides Diesing, 1835, has shown that its spermatozoa possess some unique features that distinguish them from those of the Digenea and are more closely related to those of the polyopisthocotylean monogeneans .
In view of the fact that the uterine ultrastructure has proved to be a useful phylogenetic indicator of cestode phylogeny (Conn and Forman 1993 , Conn et al. 2009 ), the present study was undertaken to provide a detailed analysis of the ultrastructure of the uterine epithelium of the aspidogastrean Aspidogaster limacoides and two unrelated digeneans, Phyllodistomum angulatum Linstow, 1907 (Plagiorchiida, Gorgoderidae) and Azygia lucii (Müller, 1776) (Strigeida, Azygiidae), in order to compare their structure and assess whether it sheds any light on the relationships between the Aspidogastrea and the Digenea.
Materials and methods
Adult specimens of Aspidogaster limacoides, from the intestine of white bream (Blicca bjoerkna), Phyllodistomum angulatum, from the urinary bladder of pike perch (Lucioperca lucioperca), and Azygia lucii, from the stomach of pike (Esox lucius), were collected live. All fishes were caught in the Rybinsk Reservoir, Russia, during 2007. Live worms were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer at pH 7.4 for 20 days at 5°C. Postfixation was carried out in 1% osmium tetroxide in the same buffer for 1 h at 5°C. The material was then dehydrated in a graded series of ethanol and acetone, and then embedded in Araldite and Epon. Ultrathin sections (70-90 nm) were stained with uranyl acetate and lead citrate. They were then examined using a JEOL-1011 transmission electron microscope operating at 80 kV.
Results

Ultrastructure of the uterus of Aspidogaster limacoides (Figs 1, 2)
The uterus extends from the ootype, initially descending and reaching close to the posterior end of the body, then it reflexes and ascends towards the anterior extremity of the body. Its distal end forms a weak, thin-walled metraterm. The uterine coils are filled with eggs at different stages of development, and inside those eggs in the distal portion of the uterus is a fully developed larva ( Figs 1A, 2F) .
The uterine epithelium is thin, except for the considerably thicker perinuclear region of the epithelial cells (Figs 1B, 2E) . A rim of electron-dense chromatin occurs along the nuclear membrane of the intraepithelial nucleus of every epithelial cell (Figs 1B, 2E) . The cytoplasm of the epithelial cells is well supplied with free ribosomes, small mitochondria, granular endoplasmic reticulum (GER), Golgi complexes and both small electron-lucent vesicles and vesicles containing small electron-dense bodies (Figs 1B, 2C) . Septate junctions occur between adjacent epithelial cells within the uterine wall ( Fig.  2A, B) . The luminal surface of the cells is elevated into microlamellae, which project into the uterine lumen and cover the entire epithelial lining (Figs 1B, 2A, C) . In all sections, some portion of the eggs can be observed close to the epithelial wall ( Figs 1A, 2E ). Many spermatozoa occur within the lumen of the distal uterus (Fig. 2F ). Basally the uterine epithelium is attached to a basal matrix, which is moderately electron-lucent and contains filaments ( Fig. 2A) . The supporting layers of muscle fibres are poorly developed and comprise scattered circular muscles (Figs 1B, 2D), the cytons of which can form laminar processes (Fig. 2D) .
Ultrastructure of the uterus of Phyllodistomum angulatum (Fig. 3) The long uterus extends from the ootype, forming numerous convoluted loops that fill most of the posterior region of the worm. It is filled with small eggs at different stages of development, with only those in the distal region of the uterus being fully embryonated. The distal extremity of the uterus is expanded slightly to form a metraterm that opens into the genital pore.
The uterine wall has a uniform morphology along its length. It is lined by a thin epithelium, comprising cells with nuclei that vary in shape; regions of the epithelial cells close to the nucleus have the greatest thickness (Fig. 3) . The nucleoplasm of the nucleus is finely granular, possessing accumulations of central and peripheral heterochromatin (Fig. 3A) . Intercellular septate junctions of the uterine epithelium occur between the processes of adjacent cells (Fig. 3A , C, E). The epithelial cytoplasm contains free ribosomes, mitochondria, GER, a few Golgi complexes and vesicles (Fig. 3B, C) . The apical plasma membrane of the uterine epithelium is folded into microlamellae, which cover the entire epithelial surface but vary in abundance and length in different regions (Fig. 3A , C, E). These microlamellae frequently come into direct contact with the eggs (Fig. 3B, E) . Many spermatozoa are found within the lumen of the distal uterus (Fig. 3D, E) . At their base, the uterine epithelial cells are attached to a basal matrix (Fig.  3B, C) . Dispersed circular muscles are present within the uterine epithelium throughout most of its length (Fig. 3A, C) .
Ultrastructure of the uterus of Azygia lucii (Fig. 4) The uterus is conspicuous in mature worms as a transversely coiled intracaecal tube filled with eggs. Its terminal portion forms a metraterm, which is differentiated from the uterus proper by its thick muscular wall lined with tegumental epithelium. The uterine epithelial lining is thin, except in the perinuclear region of the epithelial cells (Fig. 4C) . Each nucleus contains finely granular material and a single nucleolus (Fig.  4C) . The cytoplasm of these uterine epithelial cells contains mitochondria, free ribosomes, sparse GER, areas of Golgi complex and numerous rounded vesicles of different sizes which are either electron lucent, have a moderately electrondense content or have electron-dense bodies within an electron-lucent content (Fig. 4E, F) . The uterine epithelium of A. lucii exhibits pronounced exocytotic activity. The epithelial vesicles are often found in close contact with the luminal plasma membrane of the epithelial lining, before they are dis- charged into the uterine lumen, filling the space between the eggs (Fig. 4D, F) . Intercellular septate junctions were observed within the epithelial wall (Fig. 4B) , the contact sites being characterized by the presence of electron-dense material on the subsurface areas of both adjacent epithelial cells, and some dense material occurs within the junctional space (Fig.  4B) . Microlamellae project into the uterine lumen from the surface of the cells (Fig. 4) . The uterine epithelium is attached to the basal matrix, which is surrounded by circular muscles (Fig. 4A, C, E) . Numerous electron-dense filaments (~ 1 µm in apparent length in sectioned material) uniformly cover the entire surface of the thick, electron-dense shell of the uterine eggs (Fig. 4A, C) . A few spermatozoa are apparent within the uterine lumen (Fig. 4C, F) .
Discussion
The uterine epithelium is thin, except in the perinuclear region of the epithelial cells, being characterized by numerous nuclei, the presence of intercellular junctions between conjoined cells and luminal lamellae. The junctional complex between adjacent epithelial cells consists of septate junctions close to the uterine luminal surface, and the uterine epithelium of the three species is of uniform structure along its length and surrounded by a basal matrix and scattered circular muscles. Rohde (1972) , in his review of the Aspidogastrea, indicated, on the basis of light microscopical observations, that the reproductive system of aspidogastreans corresponds closely to that found in digeneans. Our ultrastructural observations of the uterus in this study support this opinion.
The present study is the first to describe the cellular nature of the aspidogastrean uterus, although, in the discussion of a recent paper ) on the ultrastructure of the uterus of the Gyrocotylidea, we did briefly comment on the uterine pattern in the former group on the basis of our unpublished data. More research has been carried out on the ultrastructure of the uterus of digeneans, including observations on the uterine wall of members of the larger two of the three digenean orders [Strigeida -Pharyngostomoides procyonis (Diplostomidae) (Grant et al. 1977) and Aporocotyle simplex (Sanguinicolidae) (Thulin 1982) ; Plagiorchiida -Cryptocotyle lingua (Heterophyidae) (Rees 1979) , Prosthodendrium ascidia (Lecithodendriidae) (Podvyaznaya 1990) and Allassogonoporus amphoraeformis (Gyrabascidae) (Podvyaznaya 2003) ], which indicate that it is lined with epithelial cells bearing lamellae. The presence of intercellular junctions within the uterine epithelial lining of these digenean species has also been mentioned by all of the abovementioned authors. The formation of the uterine lumen at an early stage has been studied only by Rees (1979) in C. lingua, who indicated that the uterine primordium consists of a strand of cells that are secured together by prominent attachment zones. Rees stated (1979, p. 174) : "In the metacercaria the apparent lumen is, in effect, a series of large intracellular spaces, the true lumen being formed by the separation of the cells, centrally, in the 1 day adult". The uterus of all of the aforementioned digenean species is lined by a layer of specialized epithelium which is in continuation with that of the ootype.
A different structural form has been described for the short uterus of Schistosoma spp. (order Strigeida) by several authors (Spence and Silk 1971 , Erasmus 1973 , Award and Probert 1990 . According to these authors, the uterine epithelial wall is lined by a syncytial cytoplasmic epithelium which is continuous with the tegumental epithelium of the body surface, but lacks spines and sense organs, and its cytoplasm contains inclusion bodies similar to those of the surface tegument. In fact, Spence and Silk (1971) have gone as far as to suggest that the uterus of Schistosoma spp. is formed by invagination of the surface tegument at the gonopore. However, it should be noted that the uterine epithelium of other members of the Strigeida studied, i.e. Azygia lucii (see above), Pharyngostomoides procyonis and especially the other schistosomatoid studied, Aporocotyle simplex, differs from that described for Schistosoma spp. by having intraepithelial nuclei, the presence of intercellular junctions between the processes of the epithelial cells and luminal lamellae, as in the other digenean species listed above from the order Plagiorchiida and in Aspidogaster limacoides. Moreover, although not investigated in this study, the lining of the terminal end of the uterine tube of most digeneans, the metraterm, is also tegumental in nature, containing typical tegumental inclusions, and unites with the distal portion of the uterine epithelium proper via septate junctions (Podvyaznaya 1990 (Podvyaznaya , 2003 .
The presence of accumulations of spermatozoa in the lumen of the distal uterus of the studied species (A. limacoides, P. angulatum and A. lucii) and individual spermatozoa along the entire length of the uterine lumen may support the opinion of Gibson and Chinabut (1984) and Roberts and Janovy (2005) that the some aspidogastreans and digeneans "are apparently self-fertilizing with the cirrus depositing sperm in the terminal end of the uterus, which serves as a vagina" (Roberts and Janovy 2005, p. 214) . All three species studied have a uterine seminal receptacle and, therefore, likely rely upon copulation and/or self-insemination via the genital pore Bray 1975, 1979) .
Despite the marked similarity in the ultrastructural pattern of the studied aspidogastrean Aspidogaster limacoides and the digeneans Azygia lucii and Phyllodistomum angulatum, there is some degree of variation in the secretory activity of their uterine epithelium. The presence of a high level of exocytotic activity in the epithelial cytoplasm of A. lucii is associated with a release of vesicles into uterine lumen. Many such vesicles in the epithelial lining of the distal uterus and released into the uterine lumen have also been revealed by Podvyaznaya (2003) in the digenean Allassogonoporus amphoraeformis. In view of the fact that the latter has a seminal receptacle, and thus may use Laurer's canal as a vagina Bray 1975, 1979) , means spermatozoa may not have to pass down the uterus, and that differences in the secretory activity of the uterine wall may not, therefore, be related to the movement of spermatozoa. It seems more likely, in the cases of Azygia lucii and P. angulatum, that differences in the secretory activity of the uterine epithelium depend on differences in egg emission and the subsequent life cycle. It is interesting that within the eggs of species of Phyllodistomum is a ciliated miracidium which hatches as a free-swimming larva, whereas within the eggs of Azygia spp. is a non-ciliated, nonswimming and non-free-living miracidium (Yamaguti 1975 ); such differences may prove to explain the variation which we found in uterine secretory activity and the also presence of the filaments on the egg-shell of A. lucii.
Various authors (e.g. Rohde 1990 ) have pointed out that both ultrastructural and light microscope studies are useful for providing phylogenetic information, and Littlewood et al. (1998, p. 155) have stated "two techniques are presently in vogue as a means to increase our knowledge base for the flatworms, namely electron microscopy and molecular systematics". Recent morphological and molecular data suggest that the Aspidogastrea may be the sister group to the Digenea and that these together form the Trematoda. However, a conflicting view exists regarding the Aspidogastrea as a distinct group and distant from the Trematoda (Littlewood et al. 1999 , Roberts and Janovy 2005 , Timofeeva 2005 ). Therefore, a search for additional characters is pertinent to our understanding of the phylogeny of these flatworms.
Recently, several attempts have been made to evaluate uterine ultrastructural features of neodermatan platyhelminths in terms of phylogenetic relationships, and four main patterns for the organization of the uterus of neodermatan groups have been defined ), all of which differ from the aspidogastrean/digenean arrangement described above. Our ultrastructural study of the uterus of the aspidogastrean Aspidogaster limacoides and the digeneans Phyllodistomum angulatum and Azygia lucii demonstrate the similar nature of the uterine epithelium of these species. This indicates a close relationship between the Aspidogastrea and the Digenea, and provides additional evidence for considering the Aspidogastrea as a sister group to the Digenea. These data also provide a basis for a further phylogenetic analysis of these and other platyhelminth groups on the basis of ultrastructural characters.
